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In  this  study,  we  investigated  the  effects  of  humidity  and  oxygen  reduction  on  the  degradation  of  the 
catalyst  of  a  polymer  electrolyte  membrane  fuel  cell  (PEMFC)  in  a  voltage  cycling  test.  To  elucidate  the 
effect  of  humidity  on  the  voltage  cycling  corrosion  of  a  carbon-supported  Pt  catalyst  with  3  nm  Pt  particles, 
voltage  cycling  tests  based  on  1 0,000  cycles  were  conducted  using  1 00%  relative  humidity  (RH)  hydrogen 
as  anode  gas  and  nitrogen  of  varying  humidities  as  cathode  gas.  The  degradation  rate  of  an  electrochemical 
surface  area  (ECSA)  was  almost  50%  under  189%  RH  nitrogen  atmosphere  and  the  Pt  average  particle 
diameter  after  1 0,000  cycles  under  these  conditions  was  about  2.3  times  that  of  a  particle  of  fresh  catalyst 
because  of  the  agglomeration  of  Pt  particles. 

The  oxygen  reduction  reaction  (ORR)  that  facilitated  Pt  catalyst  agglomeration  when  oxygen  was 
employed  as  the  cathode  gas  also  demonstrated  that  Pt  agglomeration  was  prominent  in  higher  con¬ 
centrations  of  oxygen.  The  ECSA  degradation  figure  in  100%  RH  oxygen  was  similar  to  that  in  189%  RH 
nitrogen.  It  was  concluded  that  liquid  water,  which  was  dropped  under  a  supersaturated  condition  or 
generated  by  ORR,  accelerated  Pt  agglomeration.  In  this  paper,  we  suggest  that  the  Pt  agglomeration 
degradation  occurs  in  a  flooding  area  in  a  cell  plane. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolyte  membrane  fuel  cells  (PEMFCs)  are  expected 
to  have  applications  as  a  clean  power  source  for  vehicles.  At  present, 
PEMFCs  developed  thus  far  work  on  a  practical  scale.  However, 
further  improvements  are  necessary  to  enhance  their  durability  in 
order  to  make  operation  on  a  commercial  scale  viable.  For  vehicles, 
operation  modes,  such  as  running,  stopping,  idling,  and  parking 
modes,  all  impact  on  catalyst  degradation  to  varying  degrees. 
In  order  to  improve  PEMFC  durability  it  is  important  to  under¬ 
stand  how  start/stop  operations  and  load  changing  influence  the 
degradation  mechanism  to.  One  of  the  major  deterioration  factors 
considered  is  changing  the  electrochemical  potential  of  the  cata¬ 
lyst  layer  with  load  changing.  Platinum  corrosion  rates  in  fuel  cells 
have  been  observed  to  increase  when  the  catalyst  is  exposed  to  high 
voltage  [1-4],  particularly  when  the  cell  voltage  is  cycled  [5,6]. 

It  is  known  that  voltage  cycling  of  carbon  supported  platinum 
(Pt /C)  in  aqueous  acids  at  room  temperature  leads  to  accelerated 
platinum  dissolution  rates  compared  to  extended  holds  at  constant 
potentials  [5,7].  Johnson  et  al.  reported  that  Pt(II)  is  produced  when 
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an  oxidized  platinum  electrode  is  reduced  [8],  and  it  is  assumed  that 
a  greater  number  of  oxide  formation-reduction  cycles  per  unit  time 
leads  to  a  greater  instability  of  Pt.  [3,8].  Ross  [9]  conceptualizes 
platinum  coarsening  and  area  loss  at  two  different  length  scales, 
viz.  (i)  a  nanometer-scale  Ostwald-ripening  process,  where  smaller 
platinum  particles  dissolve  in  the  ionomer  phase  and  redeposit  on 
larger  platinum  particles  that  are  separated  by  a  few  nanometers; 
and  (ii)  a  micrometer-scale  diffusion  process,  where  dissolved  plat¬ 
inum  ions  diffuse  toward  the  matrix  and  undergo  reduction  on  the 
anode  side  at  low  potentials.  Paik  et  al.  investigated  the  effect  of 
time  periods  and  lower  voltage  level  as  cycling  parameters  on  cat¬ 
alyst  stability.  Their  cycling  parameters  have  been  found  to  impact 
the  rate  of  decay  in  platinum  electrochemical  area  (ECSA)  at  the 
same  cumulative  time  of  exposure  to  the  high  voltage  level  (1.3 
VRHE).  A  higher  frequency  cycling  of  0.5-1. 3  VRHE  was  found  to 
accelerate  the  decay  rate  of  Pt  ECSA.  ECSA  loss  is  due  to  the  growth 
in  platinum  particle  size.  When  the  lower  voltage  was  set  above 
the  Pt  oxide  reduction  potential,  the  rate  of  ECSA  loss  was  found 
to  decrease.  It  suggests  that  Pt  dissolution  rates  decelerate  due  to 
a  partially  remaining  passive  film  [10]. 

Platinum  corrosion  rates  in  fuel  cells  have  been  observed  to 
increase  when  the  catalyst  is  exposed  to  high  humidity  in  the  same 
voltage  cycling  tests  [11].  H2-N2  PEM  systems  were  carried  out  to 
investigate  the  effects  of  potential  and  humidity  for  electrocatalyst 
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Table  1 

Operation  conditions  of  voltage  cycling  test. 


Effects  of 


Humidity 

ORR 

Catalyst 

PEM 

Cell  temperature 

Gas  species/relative  humidity 

Anode 

Carbon-supported  Pt  electrochemical  catalyst 
with  Pt  weight  ratio  of  about  50  wt% 

Nation  N1 12 

75  °C 

H2/100%  RH 

Cathode 

N2/20%,  100%, 189%  RH 

N2,  4%-02i  100%-02/100%  RH 

Potential  sweep  range 

Potential  sweep  rate 

0.4-1  V  vs.  RHE 

50,  200  mV  s”1 

50  mV  s-1 

Number  of  cycles 

10,000,  50,000  cycles 

10,000  cycles 

corrosion  in  previous  reports  [1,10-12].  Although  these  methods 
reasonably  accounted  for  the  degradation  mechanism  of  the  elec¬ 
trocatalyst  layer  in  voltage  cycling  test,  it  may  not  be  possible  to 
extrapolate  this  mechanism  to  an  actual  fuel  cell  system.  In  the 
cell  plane,  especially  the  cathode  side  of  the  actual  fuel  cell  stack, 
the  proportion  of  water  is  increases  from  the  gas  inlet  to  the  exit 
as  a  result  of  an  oxygen  reduction  reaction.  The  condensed  water 
will  be  generated  as  the  result  of  high  current  density  operation  for 
automotive  fuel  cell.  Previous  reports  verified  the  effect  of  humidity 
below  1 00%  RH,  but  did  not  focus  on  the  influence  of  condensed  liq¬ 
uid  water  on  electrocatalyst  corrosion.  Although  N2  cathode  gas  in 
the  voltage  cycling  test  would  clarify  the  effect  of  voltage  or  humid¬ 
ity  without  ORR,  the  oxygen  reduction  reaction  still  occurs  at  the 
cathode  in  normal  fuel  cell  operations.  Because  water  is  generated 
by  the  ORR,  it  is  not  obvious  whether  the  electrocatalyst  corrosion  is 
accelerated  by  ORR  or  by  high  humidity  conditions  resulting  in  ORR. 
It  is  important  to  clarify  the  contribution  of  ORR  to  electrocatalyst 
corrosion. 

Herein,  we  examined  the  effect  of  cell  operating  humidity  con¬ 
ditions,  especially  condensed  liquid  water  on  the  durability  of  a 
PEMFC  cathode  catalyst  layer  in  the  load  changing  operation  mode 
of  vehicles  using  a  single  cell.  At  the  same  time,  we  attempted 
to  consider  the  effect  of  oxygen  reduction  reaction  (ORR)  and  the 
water  generated  by  ORR  on  the  durability  of  PEMFC. 

2.  Experimental 

2.1.  Preparation 

The  membrane  electrode  assembly  (MEA)  was  prepared  by  a 
decal  method  by  hot  pressing  Nation  N112  between  two  catalyst 
layer  decal  sheets  at  140  °C.  These  decal  sheets  were  prepared  by 
printing  catalyst  ink,  mixing  an  ionomer  (Du  Pont  20wt%  Nation 
solution)  and  a  commercial  carbon-supported  Pt  electrocatalyst 
with  a  Pt  weight  ratio  of  about  50  wt%  on  a  PTFE  substrate.  Porous 
carbon  papers  (SGL  Carbon  GDL24BC)  were  used  as  gas  diffu¬ 
sion  media  and  current  collectors.  The  Pt  loading  in  the  catalyst 
layer  was  0.4  mgPt  cm-2 .  Two  electrode  sizes,  namely,  6.25  cm2  and 
25  cm2,  were  used. 

2.2.  Voltage  cycling  test 

The  prepared  MEAs  were  set  in  a  custom-made  PEMFC  sin¬ 
gle  cell  kit,  and  the  single  cell  was  installed  into  the  PEMFC  test 
stand.  We  controlled  gas  flow  rate,  cell  temperature,  reactant  gas 
humidity,  and  cathode  electrode  sweep  potential  using  a  poten- 
tiostat/galvanostat  and  a  function  generator  to  simulate  the  load 
changing  of  PEMFC  vehicles. 

Table  1  shows  the  operation  conditions  of  our  test.  The  upper 
scanning  voltage  was  set  to  1 V  to  simulate  open  circuit  voltage 
(OCV),  and  the  lower  scanning  voltage  was  set  to  0.4  V  to  simulate 
the  overload  condition.  The  anode  was  used  as  both  the  refer¬ 


ence  and  counter  electrodes  by  introducing  the  fully  humidified 
hydrogen  into  the  anode  side  gas  channel,  and  the  potential  of  the 
cathode  was  swept  from  0.4  V  to  1 V  versus  the  anode  as  RHE  with 
a  50  mV  s-1  sweep  rate. 

We  selected  cathode  gas  on  the  basis  of  the  objectives  of  the 
test.  We  selected  nitrogen  (N2)  as  the  first  cathode  gas  to  examine 
the  effect  of  humidity  on  catalyst  layer  degradation  in  the  absence 
of  the  ORR  effect.  We  conducted  tests  with  three  relative  humidi¬ 
ties,  namely,  20%  RH,  100%  RH,  and  189%  RH.  189%  RH  denotes  that 
the  cathode  gas  was  humidified  at  a  91  °C  dew  point  by  a  bub¬ 
bling  humidifier  against  a  75  °C  cell  temperature.  In  other  words, 
the  cathode  side  was  maintained  under  a  supersaturated  condi¬ 
tion.  First,  we  conducted  a  10,000-cycle  test  and  performed  cyclic 
voltammetry  (CV)  and  polarization  property  every  2000  cycles  up 
to  10,000  cycles.  We  adopted  small  size  MEA  (6.25  cm2)  because 
the  current  density  of  polarization  property  was  limited  by  our 
electrochemical  test  equipment. 

We  conducted  a  50,000-cycle  test  for  vehicle  operation  mode. 
In  this  test,  we  adopted  a  more  rapid  sweep  rate  (200  mV  s-1)  to 
examine  the  effects  of  both  the  cycle  number  and  the  sweep  rate. 
We  also  conducted  the  voltage  cycling  test  under  the  same  condi¬ 
tions  with  larger  size  MEA  (25  cm2)  for  convenience  of  estimation 
of  ECS  A. 

We  selected  oxygen  of  various  concentrations  as  the  second 
cathode  gas  to  investigate  the  effect  of  ORR  on  catalyst  degradation. 
We  chose  4%  oxygen/nitrogen  balance  gas  (4%-02 )  and  1 00%  oxygen 
gas  (02).  The  humidity  was  maintained  at  100%  RH.  We  compared 
the  degrees  of  degradation  at  various  oxygen  gas  concentrations. 

2.3.  Electrochemical  diagnostic 

ECSA  were  calculated  from  electric  charge  for  hydrogen  absorp¬ 
tion/desorption.  We  evaluated  hydrogen  adsorption/desorption  by 
CV  using  the  potentiostat/galvanostat  and  the  function  generator. 
The  cell  was  maintained  at  30  °C  and  the  anode  side  was  exposed 
to  humidified  hydrogen  acting  as  a  reversible  hydrogen  electrode 
(RHE).  The  cathode  side  was  exposed  to  humidified  nitrogen.  The 
voltage  was  swept  from  0.05  to  0.9  V  at  a  rate  of  50mVs-1.  Using 
a  proportionality  constant  of  210[xCcm-2  for  platinum  metal, 
the  charge  can  be  converted  to  a  surface  area  [13,14].  After  the 
resistance  correction,  ECSA  (S  (cm2  g-1 ))  was  calculated  using  the 
following  equation: 


210(p,Ccm-2)  x  dV/dt  x  L  K  J 

where  Q.  (C)  is  the  hydrogen  desorption  charge,  dVdt-1  (mVs-1) 
is  the  scan  rate,  and  L  is  the  cathode  Pt  loading  (mg cm-2).  The¬ 
oretically,  hydrogen  desorption  charge  is  the  same  as  hydrogen 
adsorption  charge.  Because  it  is  difficult  to  separate  hydrogen 
adsorption  charge  from  hydrogen  generation  charge  using  CV  in 
this  method,  we  adopt  the  hydrogen  desorption  charge  as  Q. 
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In  10,000-cycle  tests,  the  polarization  curves  were  obtained  to 
evaluate  the  effect  of  voltage  cycling  on  electrocatalyst  activity.  In 
these  polarization  tests,  the  anode  side  was  exposed  to  100%  RH 
humidified  hydrogen  and  the  cathode  side  was  exposed  to  100% 
RH  humidified  oxygen  to  evaluate  the  electrocatalyst  activity  with¬ 
out  diffusion  polarization.  The  flow  rates  of  H2  and  02  were  100 
and  400NmLmin-1,  respectively,  and  the  cell  was  maintained  at 
75  °C.  We  regulated  the  current  per  1  g  of  Pt  at  0.9  V  of  the  polar¬ 
ization  curve  as  a  mass  activity,  and  plotted  these  mass  activities 
as  a  function  of  cycle  number. 

2.4.  Transmission  electron  microscopy  (TEM)  analysis 

A  sample  of  powder  was  scraped  away  and  collected  with  a  razor 
blade  from  the  cathode  surface  of  the  fresh  and  cycled  MEAs.  MEA 
samples  were  examined  and  compared  using  TEM.  Powders  were 
first  immersed  in  solvent  and  subsequently  ultrasonicated  under 
high  frequency  to  disperse  the  powder  particles.  The  suspensions 
were  then  deposited  on  a  carbon/copper  grid  for  TEM  observation. 
Measurements  of  100  randomly  selected  spherically  shaped  parti¬ 
cles  were  made  for  each  distribution.  We  investigated  the  effect  of 
the  humidity  and  ORR  on  the  size  distribution  in  the  voltage  cycling 
tests. 

2.5.  Platinum  solubility  measurements  in  drain 

The  amounts  of  soluble  Pt  in  drains  were  analysed  during  1 0,000 
cycle  voltage  cycling  tests.  Drains  were  collected  after  voltage 
cycling  tests,  and  soluble  Pt  concentrations  in  these  drains  were 
analysed  by  the  ICP  method.  The  amount  of  soluble  Pt  was  calcu¬ 
lated  from  the  concentration  of  Pt  and  total  weight  of  drain  water 
in  the  test  term. 

3.  Results  and  discussion 

The  voltage  cycling  test  using  the  humidified  N2  as  cathode  gas 
to  evaluate  the  effect  of  humidity  is  described  first.  We  then  present 
a  discussion  regarding  the  voltage  cycling  test  using  various  oxygen 
gas  concentrations  to  evaluate  the  effect  of  ORR  on  the  degradation 
of  the  catalyst. 

3.  t.  Voltage  cycling  test  using  humidified  N2  as  cathode  gas 

The  voltage  cycling  tests  using  the  humidified  N2  as  cathode 
gas  were  carried  out  to  evaluate  the  effect  of  humidity  without  the 
effect  of  water  generation  by  ORR. 

We  found  that  higher  humidity  accelerated  the  degradation  of 
ECSA,  particularly  under  supersaturated  conditions;  for  example, 
under  a  liquid  water  condition,  ECSA  decreased  more  rapidly.  Fig.  1 
shows  the  change  in  ECSA  with  voltage  cycling  tests  under  var¬ 
ious  humidity  conditions.  ECSAs  were  calculated  from  electrical 
charges  of  H  desorption  of  CV  obtained  every  2000  cycles  of  the 
voltage  cycling  tests  using  20%  RH,  100%  RH  and  189%  RH  N2  cath¬ 
ode  gases.  It  was  clearly  found  that  ECSAs  were  reduced  by  cycling 
under  all  the  humidity  conditions  employed.  These  results  indicate 
that  one  (or  a  combination)  of  the  following  degradation  mecha¬ 
nisms  occurs  to  reduce  ECSA:  Pt  agglomeration,  Pt  elimination,  or 
Pt  movement.  The  Pt  surface  is  oxidized  and  reduced  in  this  range 
of  voltage  change  such  that  a  Pt  surface  change  affects  the  ECSA 
degradation.  The  degradation  rates  of  ECSA  after  the  10,000-cycle 
test  are  about  79%  with  20%  RH  N2,  75%  with  100%  RH  N2  and  50% 
with  189%  RH  N2.  These  results  indicate  that  the  rate  of  degrada¬ 
tion  is  faster  at  higher  humidity,  and  the  decrease  in  ECSA  under  a 
supersaturated  condition,  such  as  189%  RH,  is  accelerated. 

Fig.  2  shows  transmission  electron  microscopy  (TEM)  images 
of  the  catalyst  layer  and  diameter  distributions  of  Pt  before  and 


Fig.  1.  Impact  of  relative  humidity  on  Pt/C  decay.  The  percent  of  ECSA  is  plotted  as 
a  function  of  cycle  numbers.  Voltage  cycling  involved  triangle  waves  at  50  mV  s-1 
between  an  upper  voltage  of  1.0  V  and  a  lower  voltage  of  0.4  V.  The  voltage  cycling 
was  conducted  with  fully  humidified  H2  for  anode  and  20%  RH  N2  (solid  triangle), 
100%  RH  N2  (solid  square),  and  189%  RH  N2  (solid  circle)  for  cathode  at  75  °C. 

after  voltage  cycling  tests  under  an  inert  atmosphere.  These  TEM 
images  indicate  that  the  mechanism  of  ECSA  degradation  is  the 
agglomeration  of  Pt  particles.  In  the  TEM  images,  we  observed  that 
Pt  agglomeration  occurs  under  higher  humidity  conditions.  In  par¬ 
ticular,  Pt  agglomeration  is  accelerated  under  the  supersaturated 
condition.  We  determined  that  the  average  Pt  particle  diameter  of 
the  fresh  catalyst  is  approximately  3.0  nm  with  a  standard  devia¬ 
tion  (a)  of  0.59  nm.  The  average  Pt  particle  diameters  after  10,000 
cycles  with  20%  RH  N2  and  after  10,000  cycles  with  189%  RH  N2 
are  approximately  4.5  nm  (or  1.34  nm)  and  approximately  7.0  nm 
(or  2.79  nm),  respectively. 

In  the  voltage  cycling  test  using  189%  RH  N2,  the  cell  voltage  at  a 
lower  current  density,  such  as  10  mAcm-2,  decreased  so  markedly 
that  we  assumed  it  resulted  in  a  lower  catalyst  activity.  Fig.  3  shows 
the  polarization  curves  for  the  voltage  cycling  tests  (a)  with  20% 
RH  N2  gas  and  (b)  189%  RH  N2  gas.  Both  of  polarization  tests  were 
carried  out  at  100%  RH.  We  employed  oxygen  as  cathode  gas  to 
eliminate  diffusion  polarization  and  evaluate  only  catalyst  activity 
polarization  in  this  IV  test.  In  the  case  of  the  voltage  cycling  test 
using  20%  RH  N2,  deviations  in  cell  voltages  at  20-1 00  mA cm-2 
were  within  a  10%  decrease  range.  In  contrast,  the  cell  voltage 
decreased  markedly  in  the  voltage  cycling  test  using  189%  RH  N2. 
Fig.  4  shows  mass  activities  at  0.9  V  in  the  voltage  cycling  tests.  The 
mass  activity  in  the  189%  RH  cycling  test  was  reduced  by  a  greater 
extent  in  comparison  to  that  in  the  20%  RH  cycling  test.  The  mass 
activities  showed  a  similar  behavior  to  the  ECSA  with  cycling.  We 
considered  that  this  mass  activity  degradation  reduced  the  catalyst 
activity  because  of  the  degradation  of  ECSA. 

Thus,  we  determined  that  the  degradation  of  ECSA  in  a  voltage 
cycling  test  is  caused  by  Pt  agglomeration,  and  this  agglomera¬ 
tion  is  accelerated  under  a  supersaturated  condition.  Moreover,  we 
realized  that  Pt  agglomeration  reduces  both  ECSA  and  cell  perfor¬ 
mance.  Considering  these  phenomena  on  the  cell  electrode  plane; 
Pt  agglomeration  is  presumed  to  occur  and  accelerate  in  the  flood¬ 
ing  area  because  of  poor  water  management  in  a  cell  operation. 

We  conducted  50,000-cycle  tests  in  189%  RH  N2  to  evaluate 
the  effect  of  cycle  number  on  ECSA  degradation.  We  adopted  a 
sweep  rate  of  200  mV  s-1  to  examine  the  effect  of  sweep  speed  on 
ECSA  degradation.  CVs  up  to  50,000  cycles  are  illustrated  in  Fig.  5. 
Above  1 0,000  cycles,  ECSA  decreases  with  increasing  the  number  of 
voltage  cycling.  Fig.  6  shows  the  percent  of  initial  ECSA  during  volt¬ 
age  cycling  tests.  We  plotted  ECSAs  in  189%  RH  N2  with  different 
MEA  sizes  and  sweep  rates:  (a)  6.25  cm2,  50mVs_1:  (b)  6.25  cm2, 
200mVs_1:  (c)  25  cm2,  200mVs_1:  (d)  re-test  of  condition  (c). 
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Pt  Particle  Size  [nm] 


Fresh 

a 


Pt  Particle  Size  [nm] 
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Fig.  2.  Typical  TEM  micrographs  from  powders  scraped  away  from  the  cathode  surface  of  (a)  fresh  MEA  sample,  (b)  the  10,000  cycled  MEA  sample  in  20%  RH  N2,  and  (c) 
the  10,000  cycled  MEA  sample  in  189%  RH  N2.  Measurements  of  100  randomly  selected  spherically  shaped  particles  were  carried  out  for  each  distribution.  Considerable 
coarsening  of  spherically  shaped  platinum  nanoparticles  was  found  after  potential  cycling,  especially  in  supersaturated  condition  (Ave.:  average  Pt  particle  diameter,  Std.: 
standard  deviation  of  Pt  particle  diameter). 


Comparing  (b)  and  (c),  both  ECSAs  after  10,000  cycles  and  50,000 
cycles  were  about  50%  and  37%  of  initial  ECSAs,  respectively,  in  spite 
of  the  different  MEA  sizes.  These  results  suggest  that  the  MEA  size 
does  not  influence  the  degradation  of  Pt/C  in  the  voltage  cycling 
test  with  inert  gas.  Comparing  (a)  and  (b),  both  ECSAs  after  10,000 
cycles  were  about  50%  of  initial  ECSAs  in  spite  of  different  sweep 
rates.  We  supposed  that  cycle  number  has  a  stronger  impact  on  Pt 
agglomeration  than  sweep  rate.  We  carried  out  a  re-test  of  50,000 
voltage  cycling  test  with  25  cm2,  200mVs_1  in  order  to  confirm 
the  rate  of  degradation  of  the  catalyst.  ECSA  decreased  over  10,000 
cycles  and  reached  36%  of  its  initial  value  after  50,000  voltage 
cycles.  We  determined  that  cycle  number  has  a  stronger  impact 
on  Pt  agglomeration  than  sweep  rate  and  MEA  size  in  the  voltage 
cycling  test.  According  to  previous  studies,  the  electrochemical  oxi¬ 
dation  of  platinum  by  water,  Pt  +  H2  O  ->  Pt-OH  +  H+  +  e_ ,  begins  to 


occur  at  0.7  V  vs.  RHE  [15-17].  Because  Pt  agglomeration  depends 
on  cycle  number  and  accelerates  under  a  supersaturated  condi¬ 
tion  with  exposure  to  the  condensed  liquid  water,  we  expect  that 
the  reduction/oxidation  changes  of  the  Pt  surface  by  water  in  the 
potential  cycle  will  induce  Pt  agglomeration. 

3.2.  Voltage  cycling  test  using  4%-02  and  02  as  cathode  gas 

Subsequently,  we  attempted  to  determine  the  effect  of  an  oxi¬ 
dizer  on  Pt  agglomeration  to  examine  its  dependence  on  ORR. 
Because  ORR  depends  on  the  state  of  three-phase  boundaries  of 
the  catalyst  layer,  we  conducted  voltage  cycling  tests  using  4%-02 
and  02  as  cathode  gas.  Humidity  was  maintained  at  100%  RH,  and 
tests  we  conducted  under  identical  sweep  rate,  sweep  voltage,  and 
cell  size. 


Voltage  cycling  test  with  20%RH  N2  gas  Voltage  cycling  test  with  189%RH  N2  gas 


Fig.  3.  H2/02  polarization  curves  of  MEA  after  voltage  cycling  every  2000  cycles  (a)  with  20%  RH  N2  gas  and  (b)  with  189%  RH  N2  gas.  The  flow  rates  of  H2  and  02  were  100 
and  400NmLmin_1,  respectively,  and  both  gases  were  humidified  at  100%  RH.  The  cell  temperature  was  kept  at  75  °C. 
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Fig.  4.  Impact  of  relative  humidity  on  mass  activities.  Mass  activities,  which  were 
regulated  the  current  per  one  gram  of  Pt  at  0.9  V,  were  plotted  as  a  function  of  cycle 
numbers.  Solid  triangle:  the  mass  activities  after  voltage  cycling  test  with  20%  RH  N2 
as  cathode  gas  and  solid  circle:  with  189%  RH  N2  as  cathode  gas.  The  mass  activity 
decay  was  larger  after  voltage  cycling  test  with  1 89%  RH  as  cathode  gas. 


Voltage  /  V 


Fig.  5.  CV  of  MEA  after  voltage  cycling  every  10,000  cycles  up  to  50,000  cycles 
with  189%  RH  N2  as  cathode  gas.  CVs  were  conducted  at  30  °C,  with  fully  humid¬ 
ified  H2  and  N2,  for  anode  and  cathode  gases,  respectively.  Both  flow  rates  were 
lOONmLmin-1.  The  sweep  rate  was  50mVs-1  and  sweep  voltage  vs.  RHE  was 
between  0.05  and  0.9  V. 


Fig.  6.  Percent  of  initial  ECSA  during  cycling  test  comparing  cell  sizes  and  sweep 
rates.  Solid  triangle:  25  cm2, 200  mV s_1  and  open  circle:  6.25  cm2,  50  mV s_1 .  Cath¬ 
ode  gases  were  189%  RH  N2.  Although  voltage  cycling  tests  were  performed  in 
different  cell  sizes  and  sweep  rates,  percent  of  initial  ECSAs  were  substantially  same 
after  10,000  cycling  tests  and  were  plotted  on  the  same  decay  curve. 


Fig.  7.  Impact  of  02  concentration  on  Pt/C  decay.  The  voltage  cycling  was  conducted 
with  fully  humidified  H2  for  anode  and  fully  humidified  N2  (solid  triangle),  4%  02 
balanced  N2  (solid  square),  and  100%  02  (solid  circle)  for  cathode  at  75  °C.  ECSA  of 
voltage  cycling  test  with  189%  RH  N2  is  plotted  comparing  with  ECSA  with  100%  02. 


Fig.  7  shows  the  change  in  ECSA  with  voltage  cycling  tests  at 
different  oxygen  gas  concentrations,  100%  RH  4%-02, 100%  RH  02, 
100%  RH  N2,  and  189%  RH  N2  as  cathode  gas.  Degradation  to  75%  of 
the  initial  value  was  observed  after  the  10,000-cycle  test  using  N2 
as  cathode  gas,  whereas  a  degradation  to  60%  of  its  initial  value  was 
observed  after  the  10,000-cycle  test  using  4%-02.  After  the  10,000- 
cycle  test  using  02  as  cathode  gas,  it  changed  to  50%  of  its  initial 
value.  Thus,  ORR  may  accelerate  ECSA  degradation  in  the  voltage 
cycle. 

Comparison  of  the  changes  in  ECSA  in  voltage  cycling  tests  with 
100%  RH  02  gas  and  189%  RH  N2  as  cathode  gas  show  that  ECSA 
degradation  behavior  in  the  voltage  cycle  was  similar  under  both 
the  test  conditions.  From  this  result,  it  is  highly  possible  that  Pt 
agglomeration  mechanisms  under  both  the  test  conditions  are  the 
same.  We  initially  had  some  expectations  that  the  degradation 
mechanism  would  be  different  under  ORR  conditions  and  under 
inert  atmosphere  and  that  the  rate  degradation  would  be  acceler¬ 
ated  by  ORR.  Therefore,  our  expectation  was  that  Pt  agglomeration 
after  the  voltage  cycling  test  with  100%  RH  02  would  be  more 
noticeable  than  after  the  voltage  cycling  test  with  supersaturated 
inert  atmosphere  because  the  both  test  conditions  are  supersat¬ 
urated.  However,  ECSA  decays  were  similar  under  both  the  test 
conditions.  This  result  suggests  the  possibility  that  ORR  itself  might 
not  accelerate  the  degradation  but  the  supersaturated  condition 
which  is  caused  by  ORR  in  the  voltage  cycling  test  with  1 00%  RH  02 
might  accelerate  Pt  agglomeration.  Assuming  that  the  MEA  temper¬ 
ature  is  constant,  the  water  which  is  generated  by  ORR  condensed 
into  liquid  phase  water  in  the  MEA  and  the  flow  channel  in  the 
voltage  cycling  tests  with  100%  RH  02  as  a  cathode  gas.  The  voltage 
cycling  test  with  100%  RH  02  as  a  cathode  gas  represents  the  tests 
under  supersaturated  conditions. 

We  believe  that  the  accelerated  catalyst  degradation  can  be 
ascribed  both  to  Pt  oxidation  by  water  and  to  the  increased  Pt 
ion  transport  in  large  water  channel  networks  by  liquid  water 
within  polymer  electrolyte.  A  study  by  Bi  et  al.  measured  cyclic 
voltammetry  to  quantify  the  effects  on  humidity  on  platinum  elec¬ 
trochemical  oxidation  by  water  and  found  notably  positive  effects 
of  temperature  and  humidity  on  platinum  electrochemical  oxi¬ 
dation  [18].  Paik  et  al.  [19]  and  Xu  et  al.  [15]  reported  that  high 
temperature  and  higher  humidity  resulted  in  greater  importance  of 
electrochemical  oxidation  by  water  over  gaseous  oxygen.  These 
results  suggest  that  the  Pt  surface  is  more  easily  oxidized  by  water 
and  that  Pt(II)  is  produced  in  greater  amounts  when  an  oxidized 
Pt  electrode  is  reduced  in  voltage  cycling  test  under  the  supersatu- 
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Fig.  8.  Typical  TEM  micrographs  from  powders  scraped  away  from  the  cathode  surface  of  (a)  fresh  MEA  sample,  (b)  the  10,000  cycled  MEA  sample  with  100%  RH  4%-02, 
and  (c)  the  10,000  cycled  MEA  sample  with  100%  RH  02.  Size  distributions  of  platinum  nanoparticles  of  each  powder  scraped  from  MEA  cathode  surfaces.  Measurements  of 
100  randomly  selected  spherically  shaped  particles  were  made  for  each  distribution.  Considerable  coarsening  of  spherically  shaped  platinum  nanoparticles  was  found  after 
potential  cycling,  especially  in  higher  02  concentration  condition. 


rated  condition.  Bi  et  al.  reported  that  the  effects  of  oxygen  partial 
pressure  on  cathode  degradation  were  insignificant,  and  that  the 
faster  cathode  degradation  rates  could  be  accounted  for  by  the 
accelerated  Pt  ion  transport  in  polymer  electrolyte  at  high  humidity 
or  high  membrane  water  content  due  to  possibly  larger  and  more 
abundant  water  channel  networks  [18].  Weber  and  Newman  con¬ 
ducted  a  physical  model  study  demonstrating  that  the  uptake  of 
water  increases  for  the  liquid-equilibrated  membrane  because  it 
possesses  enough  pressure  and  energy  to  infiltrate  and  expand  the 
channels.  Conversely,  water  vapor  does  not  have  enough  energy  to 
condense  in  the  channels  due  to  their  hydrophobicity,  and  conse¬ 
quently  it  has  a  lower  water  content  [20].  These  reports  suggests 
our  assumption  that  ORR  itself  might  not  accelerate  the  degrada¬ 
tion  but  the  supersaturated  condition  caused  by  ORR  in  the  voltage 
cycling  test  with  100%  RH  02  might  accelerate  Pt  agglomeration. 

However  contrary  to  the  Bi  et  al.’s  result  that  the  oxygen  par¬ 
tial  pressure  did  not  affect  on  cathode  degradation  [18],  the  degree 
of  Pt  agglomeration  was  larger  with  high  oxygen  partial  pressure 
atmosphere  in  our  voltage  cycling  test.  The  discrepancy  in  results 
may  be  accounted  for  by  the  different  test  conditions  employed.  Bi 
et  al.’s  voltage  cycling  test  was  performed  between  0.87  and  1.2  V 
vs.  RHE  [  1 8  ] .  Due  to  the  fact  that  the  lower  voltage  of  voltage  cycling 
test  was  set  above  the  Pt  oxide  reduction  potential,  little  water  was 
generated  by  ORR  and  the  humidity  was  almost  constant  at  100% 
RH  in  spite  of  various  02  concentrations  for  cathode  gas.  On  the 
other  hand,  our  test  was  performed  between  0.4  and  1.0  V  vs.  RHE. 
Because  the  lower  voltage  of  voltage  cycling  test  was  set  below 
the  Pt  oxide  reduction  potential,  the  amount  of  water,  which  was 
generated  by  ORR,  was  larger  with  increasing  02  concentration  for 
cathode  gas.  Thus,  the  differences  in  membrane  water  content  was 
caused  by  the  different  amount  of  generated  water,  and  resulted  in 
the  different  degree  of  Pt  degradation. 

TEM  images  and  Pt  particle  diameter  distributions  of  the  catalyst 
before  and  after  voltage  cycling  tests  are  shown  in  Fig.  8.  The  aver¬ 


age  diameter  of  Pt  particle  after  the  10,000-cycle  test  in  4%-02  and 
the  10,000-cycle  test  in  02  are  6.0  nm  (a  1.88  nm)  and  6.5  nm  (a 
2.36  nm),  respectively.  Pt  agglomeration  progressed  with  oxygen 
concentration.  This  trend  is  similar  to  the  behavior  observed  for 
ECSA  degradation.  The  average  particle  diameter  after  the  10,000 
voltage  cycling  test  in  02  (6.5  nm)  is  similar  to  that  in  189%  RH  N2 
(7.0  nm)  in  the  degree  of  Pt  agglomeration.  This  result  is  in  good 
agreement  with  the  ECSA  degradation  behavior. 

We  considered  that  Pt  agglomeration  depends  on  the  cycle  num¬ 
ber  of  a  voltage  cycling  test,  and  the  Pt  surface  state  is  affected  by 
Pt  agglomeration.  On  the  basis  of  these  considerations,  it  is  highly 
probable  that  the  mechanisms  of  Pt  agglomeration  are  dissolution 
and  redeposition.  We  attempted  to  perform  a  quantitative  analy¬ 
sis  of  Pt  in  a  cathode  drain  to  determine  whether  Pt  dissolution 
occurs.  Fig.  9  shows  the  results  of  the  quantitative  analysis  of  Pt 
in  the  10,000  voltage  cycling  test  in  the  cathode  drain  using  189% 
RH  N2  and  in  the  both  drains  using  100%  RH  02.  The  amounts  of 
Pt  shown  in  Fig.  9  indicate  cumulative  values.  The  amount  of  Pt 
increased  in  proportion  to  cycle  number.  Table  2  shows  dissolution 
ratios  of  Pt  in  the  cathode  drain  using  189%  RH  N2,  using  100%  RH 
02,  and  in  the  anode  drain  using  100%  RH  02.  Pt  dissolution  ratio 
was  defined  as: 

Pt  dissolution  ratio 

_  The  amount  ofPt  in  drain  [mg] 

-  The  amount  of  Pt  in  catalyst  layer  of  fresh  MEA  [mg]  ^ 

The  Pt  dissolution  ratios  in  the  cathode  drain  after  the  10,000 
voltage  cycling  tests  with  189%  RH  N2  and  100%  RH  02  were 
0.0914%  (914  ppm),  and  0.0604%  (604  ppm),  respectively.  On  the 
other  hand,  the  Pt  dissolution  ratio  was  only  slightly  detected 
0.0104%  (104  ppm)  in  the  anode  drain  with  100%  RH  02.  Because 
Pt  dissolution  species  were  detected  mainly  in  the  cathode  drain, 
Pt  dissolution  occurred  in  voltage  cycling  test,  but  the  amount 


S.  Ohyagi  et  al.  /  Journal  of  Power  Sources  196(2011)  3743-3749 


3749 


Fig.  9.  Analysis  of  the  amount  of  soluble  Pt  in  drain  during  10,000  cycles  of  voltage 
cycling  test.  Cumulative  amounts  of  Pt  are  plotted  as  a  function  of  cycling  number. 
Soluble  Pt  concentration  in  drain  was  analysed  by  ICP  method.  The  amount  of  soluble 
Pt  was  calculated  from  the  concentration  of  Pt  and  total  weight  of  drain  water  in 
the  test  term.  Solid  triangle:  cathode  drain  with  189%  RH  N2,  solid  square:  cathode 
drain  with  100%  RH  02,  and  solid  circle:  anode  drain  with  100%  RH  02. 


Table  2 

Summaries  of  dissolution  rates  of  Pt  after  voltage  cycling  tests. 


Test 

Zw  Pt  [p,g] 

Dissolution 
rate  of  Pt  [ppm] 

Cathode  in  189%  RH  N2  test 

2.3 

914 

Cathode  in  100%  RH  02  test 

1.5 

604 

Anode  in  100%  RH  02  test 

0.3 

104 

of  Pt  dissolution  after  the  10,000-cycle  test  was  in  the  order  of 
ppm  of  initial  Pt  content.  In  the  quantitative  analysis  of  Pt  in  the 
drain  after  the  voltage  cycling  test,  only  Pt  exhausted  from  MEA 
was  detected.  Other  Pt  dissolution  species  were  possibly  deposited 
in  the  electrolyte  (ionomer  or  membrane)  and  in  diffusion  media. 
Some  reports  indicate  that  the  deposited  Pt  forms  a  Pt  band  in  the 
membrane  [18,21,22].  From  this  result,  Pt  dissolution  species  gen¬ 
erated  by  the  voltage  cycling  test  were  probably  deposited  on  Pt 
particles  produced  by  Pt  agglomeration  or  in  the  electrolyte,  such 
as  the  membrane  or  ionomer. 

4.  Conclusion 

The  effects  of  humidity,  especially  that  because  of  condensed 
liquid  water,  on  the  durability  of  PEMFC  cathode  catalyst  layer 
in  the  voltage  cycling  test  were  investigated.  It  was  shown  that 
ECSA  decreased  more  rapidly  under  conditions  of  higher  humid¬ 
ity  and  also  decreased  markedly  in  a  supersaturated  atmosphere, 
namely,  in  the  presence  of  liquid  water.  We  concluded  that  Pt 
agglomeration,  which  causes  ECSA  degradation,  in  a  supersaturated 
atmosphere  caused  a  significant  reduction  in  cell  performance.  Pt 
agglomeration  depended  on  cycle  number  rather  than  on  the  sweep 
rates  of  potential,  thus,  the  cycle  of  the  oxidation  and  reduction  of 


the  Pt  surface  causes  Pt  agglomeration,  and  Pt  surface  can  be  easily 
oxidized  by  water  in  supersaturated  conditions. 

We  conducted  voltage  cycling  tests  using  oxygen  of  various  con¬ 
centrations  as  the  cathode  gas  to  examine  the  effect  of  ORR.  ECSA 
degradation  was  accelerated  using  oxygen  gas  and  increased  in 
magnitude  with  increasing  oxygen  gas  concentration.  ECSA  degra¬ 
dation  after  the  10,000  voltage  cycling  test  using  100%  RH  02  gas 
was  similar  to  the  level  of  deterioration  observed  when  using  189% 
RH  N2.  This  result  was  supported  by  TEM  observations  of  the  cat¬ 
alyst  layer  after  voltage  cycling  tests.  Thus,  it  can  be  concluded 
that  water  generation  by  ORR  accelerated  Pt  agglomeration  in  the 
voltage  cycling  test  using  02. 

These  results  suggest  that  Pt  agglomeration  occurs  easily  in  the 
flooding  area  of  the  cell  plane  under  the  load  changing  operation 
mode.  Further,  they  suggest  that  it  is  imperative  to  develop  an  elec¬ 
trode  or  MEA  that  cannot  be  flooded  and  that  can  control  the  rate 
of  Pt  agglomeration.  These  targets  can  be  achieved  by  setting  the 
operation  mode  to  prevent  the  electrode  from  reaching  high  poten¬ 
tial  under  water  condensation,  even  with  a  novel  electrode  or  MEA 
(i.e.,  purging  with  dry  gas  at  high  potentials  or  installing  a  dummy 
load  to  a  lower  potential). 
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